Abstract -Geometric distortion induced by the main B0 field disrupts the consistency of fetal echo planar imaging (EPI) data, on which diffusion and functional magnetic resonance imaging is based. In this paper, we present a novel data-driven method for simultaneous motion and distortion correction of fetal EPI. A motioncorrected and reconstructed T2 weighted single shot fast spin echo (ssFSE) volume is used as a model of undistorted fetal brain anatomy. Our algorithm interleaves two registration steps: estimation of fetal motion parameters by aligning EPI slices to the model; and deformable registration of EPI slices to slices simulated from the undistorted model to estimate the distortion field. The deformable registration is regularized by a physically inspired Laplacian constraint, to model distortion induced by a source-free background B0 field. Our experiments show that distortion correction significantly improves consistency of reconstructed EPI volumes with ssFSE volumes. In addition, the estimated distortion fields are consistent with fields calculated from acquired field maps, and the Laplacian constraint is essential for estimation of plausible distortion fields. The EPI volumes reconstructed from different scans of the same subject were more consistent when the proposed method was used in comparison with EPI volumes reconstructed from data distortion corrected using a separately acquired B0 field map.
I. INTRODUCTION
F ETAL brain magnetic resonance imaging (MRI) allows us to study the developing brain in utero. Anatomical fetal brain MRI is now well established [1] - [7] , however diffusion and functional MRI, which have been widely used in adult and neonate to study microstructure and connectivity of the brain, have started emerging only recently [8] - [11] . Fetal MRI is hampered by some major technical challenges, most notably fetal motion. During acquisition the fetus is moving freely and therefore the data are acquired as stacks of 2D slices to freeze motion in time. Motion in structural fetal brain MRI has been tackled by using single shot Fast Spin Echo (ssFSE) imaging and slice-to-volume reconstruction (SVR) techniques [1] - [7] . Unlike structural imaging, functional and diffusion MRI rely on echo planar imaging (EPI) which is highly sensitive to distortion induced by static magnetic field (B0) inhomogeneity [12] , [13] . An example of fetal EPI, corrupted by motion and distortion, is shown in Fig. 1 . In the region of the fetal head, the distortion field is smooth and slowly varying, because the fetal head is surrounded by amniotic fluid and maternal tissue. The inhomogeneities originate from the mother's body or more focally due to gas bubbles in the gut. Such distortions disrupt the data consistency and the quality of the reconstruction. Distortions are larger at higher field, and the recent trend to move from 1.5T to 3T in fetal studies [14] makes distortion correction a timely challenge to tackle.
Literature addressing the problem of B0 susceptibility induced distortion in fetal EPI is to date very limited. Wu et al. [15] proposed to use an acquired B0 field map [12] to correct for B0 induced distortion before SVR reconstruction. Oubel et al. [9] employ affine slice-to-volume registration to correct eddy current induced distortion in diffusion weighted images. Other authors do not include a distortion correction step in their methods for processing fetal EPI. On the other hand, a number of methods have been proposed to correct for spatial distortion in adult EPI [13] . A common approach is to acquire B0 field maps [12] , which are typically calculated from the phase difference between two gradient echo images acquired with different echo times. This phase difference is directly proportional to spatial shifts of voxels in the phase-encoding (PE) direction of an echo planar image. Another acquisition based method is direct measurement of point spread function (PSF) of each voxel [16] . Alternatively, the distortion field can be estimated using Fig. 1 . Coronal view of distorted fetal brain EPI taken from axially acquired stack of slices (a) and underlying variation of B0 field (b). The red arrow points to the area of significant local distortion. Note inter-slice motion in (a), visible as a zig-zag pattern, due to slices being acquired in even and odd order.
registration-based approaches. The EPI data can be acquired with opposite phase encoding directions [17] , [18] and registered to find the distortion field. Alternatively, EPI can be corrected by registration to undistorted anatomical scans [19] - [21] . For correct alignment, it is important to constrain the estimated transformation [21] . B0 field inhomogeneity also causes other effects such as intensity modulation due to signal pile up or loss due to stretching. Such artefacts are often corrected by intensity modulation using the Jacobian of the displacement field [12] , [19] , [21] , [22] . However, these tend to be small in fetal EPI, as the B0 field varies smoothly on the scale of a voxel.
In the adult case, the B0 field changes with motion, as the majority of the B0 inhomogeneity comes from air-tissue interface of the head. If only small motion is present, it can be assumed that the field map does not change, but rather it simply moves with the head [22] , [23] . The acquired field map therefore needs to be aligned with the EPI prior to distortion correction, for example with a magnitude image of the field map [23] , [24] . In fetal imaging there may be large amounts of motion during an examination. However, the fetal head is surrounded by water and soft tissue, and therefore the B0 inhomogeneity comes mainly from outside sources, primarily the mother's body. Consequently, fetal motion does not significantly influence the B0 field. Correction of geometric distortion in the fetus can therefore be performed using a B0 field map acquired at the beginning of the examination [15] without any need for alignment.
Accurate distortion correction is nevertheless essential in the fetal case. The large amount of motion results in slices being distorted in different directions with respect to the fetal anatomy, making the acquired data highly inconsistent. However, maternal motion during examination, such as due to respiration, or moving gas bubbles in the maternal gut, can make a pre-acquired field map become out of date, compromising distortion correction performance. We therefore proposed a novel registration-based distortion correction method for fetal EPI [25] , which we present in extended form in this paper. Our method estimates the distortion directly from the acquired EPI data, making it less vulnerable to changes of the B0 field. The previous registration-based distortion correction methods for adults assumed that EPI data can be aligned to undistorted anatomical scans using volumetric registration [19] - [21] to estimate the distortion field. In the fetal case, however, we have to consider significant slice-dependent motion. Our method therefore estimates the motion parameters and the distortion field simultaneously, by registration of EPI slices to a reconstructed T2 weighted ssFSE head volume of the same subject, which is not affected by susceptibility induced distortion. The proposed registration scheme includes a physically motivated Laplacian constraint, which significantly reduces registration artifacts and thus plays a key role in estimating plausible B0 fields generated by outside sources [26] . We show that the proposed method achieves performance similar to field map correction for a set of scans selected for a good performance of the traditional field map correction.
II. METHOD A. B0 Field Distortion in Fetal EPI
The fetal head is composed of tissues of very similar magnetic susceptibility that also closely match the amniotic fluid and surrounding maternal soft tissues [27] , [28] . There is no air in the frontal sinuses and the skull is not yet widely mineralised. Therefore the local B0 field variation, B, is not generally changed significantly by changes of head position within womb. However, outside sources of field variation do exist and these may be in moderately close proximity to the fetal head. A common source is gas bubbles in the maternal gut. Significant distortion can therefore be present in EPI of the fetal head, but B is generally smooth on the scale of individual voxels in the region of interest and since there are virtually no internal sources, B obeys the Laplacian equation [26] 
The EPI slices S t (y) are acquired as regular stacks in scanner coordinate y, but are distorted due to B. The bandwidth in the frequency encoding direction (determined from the reciprocal of the duration of an individual readout line) is typically so large that shifts and distortions in that direction are negligible. However, shifts are observable in the phaseencoding (PE) direction due to low bandwidth resulting from the duration of data acquisition being the full EPI readout. The fetal head will therefore not appear in the acquired image in location y, but will be shifted in the PE direction by a spatially varying distance represented by a scalar field d(y)
where γ is the gyromagnetic ratio, bw is the bandwidth per pixel (determined from the reciprocal of the time taken to traverse k-space) and r P E is the pixel width in the PE direction. If we denote undistorted EPI slices S u t (y), then distorted and undistorted images can be related, independently of any change in fetal head position, by the following equation [12] 
where p is a unit vector along the EPI PE direction.
B. Field Map Based Distortion Correction
A field map f can be acquired as a phase difference of two gradient echo images [12] . It is directly related to B0 field variation by f (y) = γ B(y). Assuming that fetal motion does not cause time-dependent changes in B and there is no maternal motion, B can be considered fixed in scanner space and the B0 induced geometric distortions can therefore be corrected using the field map in a pre-processing step. Combining eqn. 2 and 3, we obtain
C. Registration Based Distortion Correction As the fetus moves, the fetal head volume, V (x), undergoes a rigid motion, represented by a rigid transformation matrix M t , in time t, such that the anatomical location x in the fetal head is related to scanner coordinate y according to:
For each time-point t we can locate the fetal head in the scanner by
According to eqn. 3 and 6, the acquired, distorted, EPI slice S t can be related to the moving model of the fetal head V by:
where the right side corresponds to the undistorted slice V M t simulated from the model of the fetal head volume V by sampling on the grid y it of the acquired slice S t . Index i defines a position of a voxel within a slice while the time-stamp t identifies the slice and is related to throughplane coordinate in the space of acquired data. The distortion field d and undistorted EPI slices S u t can thus be found by registration of distorted slices S t to simulated slices V M t in the PE direction p.
D. Model of the Fetal Head
Motion-corrected T2w ssFSE volumes [6] are virtually unaffected by distortions and can therefore be used as the model V (x), to define the anatomical space and spatial coordinate x. Motion parameters M t are defined relative to this anatomical space, and can be estimated by rigid registration of the distortion-corrected EPI slices to volume V . As ssFSE images do not necessarily have the same intensity ranges and contrasts as EPI data, the equality (7) does not hold, but another suitable similarity measure can be used to estimate motion and distortion. In this work we use normalized crosscorrelation (NCC), because the ssFSE is largely T2 weighted and the EPI is T2 and/or T2* weighted. Thus the motion and distortion can be estimated by optimizing the following objective function over distortion field d and motion parameters M 2 where S d and V M denote the stacks of distortion-corrected and simulated slices respectively, defined as 
E. Laplacian Constraint
The estimated distortion field d should obey Laplace's equation (1) in the region of the fetal head. We therefore amend the objective function by introducing a regularisation term
where R is the region of interest in scanner space covering the fetal head but excluding any sources of B0 field inhomogeneity, and u, v, w are the 3D coordinates in the scanner space. This regularisation term is in the form of L2 norm of Laplacians of the distortion field d and thus penalises deviations from Laplace's equation (1) . The Laplacian constraint also helps to prevent unrealistic deformations resulting from the differences in ssFSE and EPI contrasts.
The final regularized objective function F R to be optimized for the estimation of d and M t can thus be written as
where the parameter λ represents the trade-off between the data term F and the regularization constraint L. III. IMPLEMENTATION Optimisation of the objective function (8) consists of two steps: rigid registration of the acquired EPI slices S t to the model V to estimate motion parameters M t ; and deformable registration of acquired EPI slices S t to simulated slices V M t in PE direction only, regularized by the Laplacian constraint, to estimate a smooth distortion field d. These are performed in an iterative manner, and as the iterations progress, motion parameters can be adjusted by registering distortion-corrected rather than original acquired EPI slices.
The registration is performed using the IRTK software package. 1 The motion parameters are estimated by rigid registration and distortion by B-spline registration [29] with normalized cross-correlation (NCC) as a similarity measure. We have chosen a relatively large control point spacing 10mm for Bspline transformation, as this helps to prevent large unrealistic deformations while being sufficient to describe smooth distortion fields. The Laplacian regularisation is incorporated within the B-spline registration and is evaluated analytically on the same grid as B-spline control points for computational efficiency.
We run the algorithm for four iterations while progressively increasing the number of free motion parameters as follows: In iteration 1 we perform volumetric registration of EPI stacks to a previously motion corrected and reconstructed ssFSE volume, in iteration 2 each EPI stack is split in even and odd slices (this is consistent with the slice acquisition order) and in iteration 3 and 4 each EPI slice is individually aligned with the ssFSE volume using its own rigid transformation. Using a small number of iterations is important because adding extra iterations is time consuming. The distortion is re-estimated during each iteration. Finally an EPI volume is reconstructed at the end of the process using our previously proposed method [6] . The algorithm is illustrated in Fig. 2 . The parallel CPU implementation of this algorithm was run on personal PC with 12 core CPU. The running times were between 5 and 30 minutes depending on the size of the fetal head.
IV. EXPERIMENTS
The proposed distortion correction and reconstruction method was applied to 15 EPI scans of the fetal head for 7 different subjects, each consisting of four stacks of slices acquired on the same grid. The acquisition consisted of the scans acquired in the following order: First B0 field map, first transverse b = 0 scan, diffusion weighted scan (b = 500smm −2 , 15 directions), second transverse b = 0 scan, coronal b = 0 scan, second B0 field map. The experiments in this paper were performed using b = 0 scans and B0 field maps only. In three cases the coronal scan was missing due to lack of scanning time. One transverse scan was excluded due to motion being too large to be corrected using our slice-tovolume registration. Additionally distortion correction using the B0 field maps directly was performed for all the scans and visually assessed by comparison with reconstructed ssFSE data. Two coronal scans were excluded because of failed field map correction.
Images were acquired using a spin-echo diffusion sequence, with diffusion gradients set to zero (dMRI b = 0smm −2 , TE 121ms, TR 8500ms, FoV 290 × 290 × 128mm 3 , voxel size 2.3 × 2.3 × 3.5mm 3 , slice overlap 1.75mm). T2 weighted volumes reconstructed using our previously proposed method [6] from ssFSE slices (a total 8 stacks of slices, acquired in a mix of three orthogonal directions, TR 15000ms, TE 180ms, excitation flip angle 90°, refocusing flip angle 160°, half Fourier factor 0.63, FoV 290 × 290 × 128mm 3 , voxel size 1.25 × 1.25 × 2.5mm 3 , slice overlap 1.25mm) and acquired B0 field maps (TE1 4.6ms, TE2 9.2ms; TR 10ms, Flip Angle 10°, voxel size 2.27 × 2.27 × 10mm 3 , FoV 400 × 400 × 150mm 3 ) were available for all the scans.
A. Experiment With Fixed Motion Parameters
In the first experiment (Section V-A) we evaluated performance of the distortion correction element of the proposed method by comparing the estimated distortion field to the distortion field calculated from the acquired field maps (eqn. 2). It should be noted that there is not a unique solution for optimal motion and distortion parameters: translation of the slices in the PE direction can be interpreted either as a motion or a distortion. The algorithm is thus capable of correctly estimating the undistorted slices, but not necessarily the true motion and distortion parameters. We therefore estimated the motion parameters M t ahead of the registrationbased distortion correction by aligning field map corrected EPI slices to the ssFSE T2w volume V . The distortion field was then estimated using the fixed motion parameters as follows: Simulated slices V M were calculated using the fixed motion parameters. The distortion field d was obtained by registration of acquired distorted slices S t to simulated undistorted slices V M t by maximizing the objective function (8) . The objective function (8) was optimized for several values of parameter λ. The estimated distortion fields were compared to the distortion fields calculated from acquired field maps, which served as the "ground truth" for this experiment, by calculating the root mean squared error (RMSE) between them, evaluated pointwise over the fetal brain:
where d is the estimated distortion field, d a is the distortion field calculated from acquired field map (eqn. 2), and y iz is the voxel grid in the acquired image space.
B. Evaluation of the Convergence of the Proposed Method
In Sec. V-B we investigate convergence properties of the the full algorithm with interleaved estimation of motion M t and distortion d. We first evaluate the objective function (8) to demonstrate the convergence of the algorithm. For one of the scans we evaluated the objective function for 20 iterations. We performed independent slice-to-volume registration interleaved with distortion correction for the last 18 rather than just last the two iterations. Additionally we evaluated the objective function for each of the four iterations described in Sec. III for all the scans.
C. Consistency of ssFSE and EPI Volumes
To further evaluate the convergence properties of the proposed method we calculate consistency of reconstructed EPI volumes with the ssFSE T2w volume of the same subject quantified using NCC as a similarity metric, which we present is Sec. V-C. As described in Section IV, one of the selection criteria for this data set was that field map distortion correction produces visually plausible results. We therefore use the consistency of the field map and motion corrected EPI volume with ssFSE volume as a benchmark for a good performance of the proposed method.
To perform this comparison we reconstructed EPI volumes using three different methods: 1. Uncorrected EPI slices S t were registered to ssFSE volume V to estimate parameters M t , followed by super-resolution reconstruction with outlier rejection [6] (no correction); 2. EPI slices S d a corrected by an acquired field map were registered to ssFSE volume V to estimate parameters M t , followed by super-resolution reconstruction with outlier rejection [6] (field map); 3. Interleaved motion and distortion correction to estimate motion parameters M t , distortion d and undistorted slices S d by registration to ssFSE volume V , followed by super-resolution reconstruction with outlier rejection [6] (proposed).
D. Comparison of EPI Volumes
In section V-D we evaluate consistency of EPI volumes of the same subjects reconstructed from different scans with no distortion correction, field map correction and the proposed method, as described in sec. IV-C. First we compare EPI volumes reconstructed from transverse and coronal stacks acquired very close in time but with orthogonal phase encoding directions. These scans have a single acquired field map associated with them. Such scans were available for two subjects. In the second experiment we compare EPI volumes reconstructed from transverse EPI scans that were acquired at different times (e.g. before and after a full 15 direction diffusion scan) and which have different field maps associated with them. Such scans were available for six subjects.
V. RESULTS A. Comparison With Acquired Field Maps
The experiment with fixed motion parameters (Sec. IV-A) was performed on all 15 EPI scans consisting of 4 stacks of slices of the same orientation acquired on the same grid. The distortion field estimation was performed using following values for the parameter λ = 0, 0.0001, 0.001, 0.01, 0.1, 0.5, 0.8, 1. The RMSE between estimated distortion fields and distortion fields calculated from acquired field maps that was averaged over all voxels in region of interest and all scans, is presented in Fig. 3 and Table I . We can observe that the average error for non-regularized B-spline registration is 0.76mm. This value drops to 0.5mm for λ = 0.5. Visualisation of influence of the parameter λ on the estimated distortion field is presented in Fig. 4 . When no Laplacian regularisation is used (λ = 0), there are deformations within the region of interest that violate Laplace's equation, making the distortion field not smooth and unphysical for a region approximately free of sources of B0 inhomogeneity. As λ increases, the distortion field becomes smoother. After λ = 0.1 no further improvement in smoothness of the distortion field is seen, however, the significant local B0 variation that appears dark starts fading. When values larger than λ = 0.1 are used, the proposed method loses capability to correct for significant local distortion (compare to distortion field calculated from acquired field map in bottom right corner of Fig. 4) . Visual inspection suggests that even though the field maps are closest to acquired field maps for λ = 0.5 on average, this value might be too high when significant local distortion is present. We therefore selected λ = 0.1 for further experiments. In Fig. 5 we present examples of distortion correction of EPI data using the chosen value.
B. Evaluation of the Convergence of the Proposed Method
The evaluation of the objective function (8) for 20 iterations for Subject 1 presented in Fig. 6 shows that the objective function value stabilises after four iterations. Additionally we also found that the value of the objective function increased at each of the four iterations for all scans. Average values of objective function over all scans are presented at Table II.
C. Consistency of ssFSE and EPI Volumes
The NCC measuring consistency of ssFSE and EPI volumes, as described in Section IV-C are presented in Table III . We can observe that distortion correction with either the acquired field map (field map) or the proposed method (proposed) results in improved consistency with ssFSE volumes in all cases compared to when no distortion correction was performed (no correction). It can be seen in Table III that consistency for the proposed method is higher than for the field map for all subjects.
D. Comparison of EPI Volumes
In this section we present comparison of the EPI volumes of the same subject reconstructed from different scans. Tables IV and V show consistency of volumes reconstructed form transverse and coronal stacks, and transverse stacks acquired at different times, respectively. We compared consistency for the three reconstruction methods described in Section IV-D. We can conclude that distortion correction using either a B0 field map or the proposed method improves the consistency, while consistency of volumes reconstructed using the proposed method results in the highest NCC in all cases.
VI. DISCUSSION
The registration-based distortion correction method for fetal EPI presented in this paper was compared to field map based distortion correction. For this purpose we chose datasets where a field map was available and sufficiently accurate, as explained in Section IV. Under this scenario we showed a good consistency of estimated and acquired field maps (sec. V-A). Additionally, we showed that there was small improvement in consistency of reconstructed EPI volumes from different scans of the same subject when the registration-based method was used, as opposed to the field map correction. However, the main application of the registration-based method is in cases when the acquired field map is not available, or the assumptions for its use are violated. In our experience, the performance of field map based distortion correction in fetus can vary from case to case, depending on amount of maternal motion between acquisition of field map and EPI data, or human errors that occur during acquisition or recording. In these cases the performance of correction using the acquired field map can drop sharply, while the proposed alternative approach could still recover the original undistorted anatomy of the fetal brain.
In Fig. 7 we show a transverse view of a field map acquired at the beginning and end of the examination. We can clearly see that the field map has changed in time, in this case due to a gas bubble moving in the maternal gut. This example demonstrates that B0 field does vary in time, which is one of the main reasons why estimating the distortion from the data can be more successful, than acquiring the field map beforehand. Note also that the acquired field map shows some signs of local maxima and minima (see Fig. 4 and 7) . This is probably caused by acquisition artefacts, which would imply that acquired field maps are not necessarily completely accurate and differences between acquired and estimated field maps can be caused by errors in both. In this paper we proposed a method for estimation of distortion field from b = 0 dMRI. However in practice distortion correction needs to be applied to diffusion weighted scans as well to allow further processing and analysis. In the current framework the distortion field can be estimated from the b = 0 scans and subsequently applied to diffusion weighted scans. We show an example in Fig. 8 . However, this does not allow correcting the distortion in presence of changing B0 field. This issue can be addressed by amending the scanning protocol to interleave acquisition of b = 0 and diffusion weighted data. This way diffusion weighted scans can be corrected using field maps estimated from temporally adjacent b = 0 images.
VII. CONCLUSION
In this paper we presented a method for distortion correction of fetal EPI based on registration to undistorted reconstructed ssFSE volumes of the same subject using a physically inspired regularisation term. We demonstrated the importance of applying distortion correction to fetal EPI data. Our results show that the proposed method provides a viable alternative to correction Impact of distortion correction on diffusion weighted data. Top left: distorted diffusion weighted slice. Top right: corresponding cut through the reconstructed ssFSE volume aligned with distorted diffusion weighted slice. Bottom left: diffusion weighted slice corrected using the distortion field calculated using the proposed method from corresponding b = 0 scans. Bottom right: corresponding cut through the reconstructed ssFSE volume aligned with corrected diffusion weighted slice. Yellow contours show the brain outline in ssFSE volume. Blue arrow points to area of visible distortion in the diffusion weighted slice successfully corrected using the proposed method.
using acquired B0 field maps, which is especially important in cases when acquired field maps are not available, or the field map based distortion correction is disrupted by maternal motion or human error.
